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Abstract. An X-ray diffraction profile analysis was performed for GLIDCOP,
dispersion-strengthened copper with ultra-fine particles of aluminum oxide. The Warrren-Averbach
method was applied to a diffraction profile measured using synchrotron radiation. The dislocation
density was evaluated from the analysis. The dislocation densities of GLODCOP with macro strains
increased with increasing the strains.

Introduction

GLIDCOP, dispersion-strengthened copper with ultra-fine particles of aluminum oxide, is used as
a material for high-heat-load components in SPring-8. In SPring-8 front ends this material has been
applied to masks, absorbers [1], and XY slit assemblies [2]. All these components are typically
subjected to a maximum power density of approximately 1 kW mm ™~ at normal incidence for a
standard in-vacuum undulator beamline. We have been investigating the fatigue property of
GLIDCOP under cyclic high-heat-load conditions because the advancement of insertion devices has
resulted in a progressive increase in the heat load [3]. As part of the investigation, strain
measurements of the GLIDCOP samples were performed using synchrotron radiation [4,5]. We
confirmed that the residual strains were almost in accordance with the FEM analyses in a previous
study [4]. On the other hand, the plastic strain, which is the main cause of low cycle fatigue fracture
phenomena, was evaluated by comparing the FWHM of the diffraction profile of samples with
unknown plastic strain with that of samples with known plastic strain.

Recently, analysis of the X-ray diffraction profile has been one of the most powerful methods for
investigating dislocation structure in plastically deformed materials [6]. In this study, a conventional
Warren—Averbach method and a theory developed by Wilkens were employed to estimate the
dislocation density [7,8]. The experiments were performed using synchrotron radiation X-rays. In
particular, the internal dislocation density of a material can be nondestructively evaluated by using
the synchrotron radiation. In this study we examined the dislocation density of GLIDCOP with the
macro strain, i.e., compressive plastic strain.

Experiment

Two types of samples, TP1 and TP2, were used. Both test pieces were identical to those used in our
previous studies [4,5]. Fig. 1 shows a schematic drawing of TP1, which comprises an absorbing body
made of AL-15 grade GLIDCOP, as well as a fitting cover and a cooling holder made of stainless
steel. An important feature of this assembly is its tapered configuration, which is adopted for
localizing and concentrating the strain in the central area, thereby causing a low cycle fatigue fracture.
Before performing experiments with synchrotron radiation, cyclic heat loads were applied to the
central area of TP1 using an electron beam. Two samples with the TP1 configuration were prepared
and subjected to different numbers of cycles: 50 and 100. The TP1 samples absorbed 550 W of power
in each cycle; one cycle period comprised 7 min of thermal loading and 5 min of thermal unloading.
On the other hand, the TP2 samples had known compressive plastic strains. The initial configuration
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of the TP2 samples was a cylinder with a diameter of 15 mm and a height of 15 mm. These TP2
samples were manufactured with compressive plastic strains in the range 0-3.5 %. The central
volumes of the TP2 samples, with thicknesses of 2 mm, were cut by electrical discharge machining
after the compression stage. The average maximum temperatures of the TP1 samples were about 300
°C during the heat cycles, while the compression stages of the TP2 samples were carried out at room
temperature.
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Figure 1: Schematic drawing of TP1.

The strain measurements were performed using a transmission-type strain scanning method in the
beamline of BLO2B1 at SPring-8. Fig. 2 and Table 1 show the configuration of the optics and X-ray
specifications, respectively, used for the strain measurements. The measurements were conducted
using Cu(200) and Cu(400) reflections and were performed at the center in every direction. Fig. 3
shows examples of the diffraction profiles for Cu(200) and Cu(400) reflections in the case of 1%
plastic deformation of the TP2 sample.
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Figure 2: Optics used for strain measurements.

Table 1 X-ray specifications for strain measurements.

Beamline SPring-8/BL02B1
Measurement method Transmission-type strain scanning method
Energy 72.03 keV
Monochromatic crystal Si(311)
Diffraction Cu(200), Cu(400)

Diffraction angle, 20

5.45 deg (200), 10.92 deg (400)

Size of divergent slit 1 (Width x Height)

3 x 0.2 mm>

Size of receiving slit 1 (Width x Height)

3 x 0.2 mm>

Size of receiving slit 2 (Width x Height)

3 x 0.2 mm’
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Figure 3: Cu(200) and Cu(400) diffraction profiles of the TP1 sample after 10 cycles and the
TP2 sample with a compressive plastic strain of 1%. The marks represent experimental data;
the solid line was obtained from a fitting of a pseudo-Voigt function with a linear background.

Diffraction Profile Analysis

The X-ray diffraction profiles were evaluated to obtain the dislocation density using the Warren—
Averbach method [7]. The Fourier coefficient of each of the diffraction profiles can be expressed as
the product of the size and the distortion coefficients, A%and AP, as follows:

A(L) = AS - AP (1)

Here, L is the Fourier length, defined as L = na3, where n is an integer and a; is the unit of the
Fourier length in the direction of the diffraction vector, as follows:

as; = A/[2(sinf, — sin 6,)] 2)

Here, the diffraction profile is measured from 6, to 6,, and A is the wavelength of the X-rays. The
Fourier coefficients can be written as:

AL = A5(L)(A - 2m2LX(e(L)?)/d?), )

where (£(L)?) is the mean square strain and d is the spacing. The mean square strain (¢(L)?) can be

written using two types of Fourier coefficients that correspond to the same lattice plane, such as (200)
and (400), as follows:

(e(L)?) = (dhdpryry /212 L%) - (Apa (L) — Ah'k'l'(L))/(drzlklAhkl(L) - dle’k’l’Ah'k’l’(L)) 4)



36 Residual Stresses IX

Here, dpy; and d,r,r represent the spacing for the (hkl) and (h'k’l") reflections, respectively, and
Api (L) and Ay, (L) denote the Fourier coefficients for the (hkl) and (h'k'l") reflections,
respectively. For small values of L, (¢(L)?) can be expressed as:

(e(L)?) = (pCh?/4m)InR, — (pCb?/4m) In L, (5)

where p is the dislocation density, R, is the effective outer cut-off radius, b is the absolute value of
the Burgers vector, and C is the average contrast factor of the dislocations [8]. In the cubic crystal
system, the average contrast factor C can be written as:

C= C_'hoo(l - qHz)a (6)

where Cp,o, is the average contrast factor corresponding to the (£00) reflection, ¢ is a constant, and
H? = (h2k? + h?2124+Kk%1%2) /(h? + k2 + 1) [9].
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Figure 4: Relationship between (£(L)?) and In L in TP2 samples with a compressive plastic
strain of 1%. The dotted line was obtained from a fitting of Eq. 5.
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Figure 5: Dislocation densities of TP1 and TP2 samples. The bottom and top axes show the
compressive plastic strains for the TP2 samples and the number of cycles of the TP1 samples,
respectively.

A pseudo-Voigt function with a linear background was fitted to the profiles of the Cu(200) and
Cu(400) reflections, as shown in Fig. 3. The cosine Fourier coefficients A,yo(L) and A4y (L) and the
spacings d, oo and d4qo were obtained from the fitting functions. In this study, we assumed that the
instrumental line broadening was negligible, because the instrumental line broadening of the
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beamline was expected to be less than 0.002° from the previous study [9]. The plot of (¢(L)?)
obtained from Eq. 4 versus In L is shown in Fig. 4. The straight line fitted to small values of L for Eq.
5 provided the dislocation density p and the effective outer cut-off radius R,. The value of 0.304 was
adopted as the average contrast factor Cp,oo of copper [10].

Fig. 5 shows the dislocation densities of the TP1 and TP2 samples. The bottom and top x-axes
show the compressive plastic strains for the TP2 samples and the number of cycles for the TP1
samples, respectively. The dislocation densities of the TP2 samples ranged from 2.7x10"° to 8.6x10"
m%; this value increases with increasing compressive strain. In contrast, these values for the TP1
samples are almost constant at approximately 3.4x10'> m™ for any number of heat cycles.

Discussion

FEM calculations for the TP1 samples indicated that the compressive strain was constant at
approximately 1.8% for more than eight cycles [4,5]. We confirmed that the FEM calculations were
appropriate by using the results of the fatigue-life experiments and the residual strain measurements
[3,4]. We are planning to evaluate the compressive plastic strains of the TP1 samples by comparing
the dislocation densities of the TP2 samples with those of the TP1 samples. However, after evaluating
the plastic strain of the TP1 samples from the present results shown in Fig. 5, we found that these
values are too small. Some reasons for this difference are as follows. The temperatures when applying
the compressive plastic strains were very different between the TP1 and TP2 samples. This situation
may cause the different dislocation densities between the two samples even if the compressive plastic
strains have the same value. Moreover, the dislocation densities obtained from the present analysis
were evaluated by the conventional Warren-Averbach method using only (200) and (400) reflections.
We suppose that to improve the accuracy of the analysis, modified Williamson-Hall and modified
Warren-Averbach method including the consideration of the instrumental line broadening must be
applied to the analysis [6].

Summary

We estimated the dislocation densities of TP1 and TP2 samples using X-ray diffraction profiles by
applying the Warren-Averbach method. The dislocation densities of the TP1 samples were almost
constant, while those of TP2 samples increased with increasing the compressive plastic strain. Further
investigations will be needed in order to estimate the absolute values of the dislocation densities.
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